Soybean meal (SBM) was treated with acid or alkali to determine effects on N solubility, in vitro NH a -N accumulation, in situ N degradability, and N digestion and retention in growing lambs. The following SBM treatments resulted in decreased (P<.05) N solubility and in vitro NH3-N accumulation compared with control SBM: spraying with 2.5 or 5% acetic or propionic acid, soaking in .5 N HCI, .5 N NaOH or .5 N propionic acid followed by air drying, and soaking in H 2 O, .5 N HC1 or .5 N propionic acid followed by drying at 100 C. In situ residual N was determined for SBM subjected to the above treatments. Soybean meal sprayed with 2.5 or 5% acetic or propionic acid had greater (P<.05) in situ residual N after 4, 8 and 12 h of incubation than control SBM. Soybean meal soaked in .5 N HCI or .5 N NaOH and air-dried, and soaked in H20, .5 N propionic acid or .5 N HCI and dried at 100 C had greater (P<.05) in situ residual N after 4, 8, 12 and 24 h of incubation than control SBM. In a lamb N balance trial, SBM treated by spraying with 5% acetic or propionic acid or by soaking in .5 N NaOH did not result in reduced N digestion compared to control SBM. Feeding SBM soaked in .5N NaOH resulted in a 39% increase (P<.05) in N retention compared with control SBM (5.21 vs 3.74 g/d, respectively). Five percent acetic acid treatment of SBM resulted in an intermediate increase in N retention. These trials demonstrate the efficacy of acid and alkali treatment of SBM, alone or in combination with heat treatment, to reduce ruminal protein degradability.
Introduction
In recent years the treatment of soybean meal (SBM) to increase ruminal protein escape has received considerable research attention. Both chemical and physical methods of altering SBM protein to reduce microbial degradation in the rumen have been investigated. Research on chemical methods has concentrated on treatment with formaldehyde (Spears et al., 1980) , tannins (Hartnell and Satter, 1978; Thomas et al., 1979) or alcohols (van der Aar et al., 1982) . The most extensively investigated physical treatment has been the application of heat (Broderick and Craig, 1980; Plegge et al., 1982) . Treatment of SBM with heat, formal- 3 Dept. of Anim. Sci. 4Address reprint requests to: Dept. of Anim. Sci., Ohio Agr. Res. and Dev. Center, Wooster, OH 44691. Received November 4, 1985. Accepted April 7, 1986. dehyde or tannins has the disadvantage of reducing protein availability post-ruminally, particularly if the SBM is overtreated (Chalupa, 1975 ; Tamminga, 1979) . The mechanism for protection of SBM protein from microbial digestion in the rumen with chemical or physical treatments involves alteration of the protein structure (Tamminga, 1979) . Acids and alkalis are also capable of altering protein structure; however, little research has been reported on the use of these methods alone or in combination with heat to improve the efficiency of protein utilization by ruminants.
The objectives of this study were to determine the effects of acid or alkali treatment of SBM, alone or in combination with heat, on N solubility, in vitro NH3-N accumulation, in situ N disappearance, and lamb N digestion and retention.
Experimental Procedures
Soybean Meal Treatment. In all experiments, SBM was treated by either soaking or spraying with various acid or alkali solutions. Soybean meal was sprayed with 2.5% acetic acid, 5% acetic acid, 2.5% propionic acid or 5% propionic acid. These treatment levels represent the percentage, by weight, of concentrated acid added to the SBM. All acids were sprayed on SBM as a 50% solution with water to aid in the distribution of acid on the SBM. Treated SBM was then allowed to dry at room temperature. Soybean meal was soaked in excess with the following solutions: .5 N propionic acid, .5 N HC1 or .5 N NaOH. Soybean meal also was soaked in water to serve as a control. After soaking for 15 min, SBM was filtered through dacron fabric and was either air-dried at room temperature or was heated to dryness (6 h) at 100 C in a forced-air draft oven. Non-treated SBM also was heated at I00 C for 6 h to serve as a control. The filtrate volume was measured and a 100-ml aliquot was saved for later analysis of N. Soybean meal soaked in .5 N NaOH formed large hard clumps, which had to be ground before use; therefore all soaked SBM were ground in a Wiley mill to pass a 4-mm screen to ensure uniform particle size.
Treated and non-treated SBM were analyzed for acid detergent insoluble N (ADIN), and acid pepsin insoluble N (APIN) using the methods of Goering and Van Soest (1970) . Nitrogen content was determined for the SBM and the filtrate by the Kjeldahl method (AOAC, 1980) , and the amount of N lost in the filtrate was calculated.
In Vitro Trials. Solubility of treated and non-treated SBM N was determined in pH 6.5 McDougall's artificial saliva (McDougall, 1948) according to the procedure of Crooker et al. (1978) . Nitrogen solubilities were determined for the following: control SBM; control SBM dried at 100 C; SBM sprayed with 2.5 or 5% acetic acid or propionic acid; and soaking SBM in .5 N HC1, .5 N NaOH or .5 N propionic acid followed by air drying and soaking SBM in H20, .5 N HC1, .5 N NaOH or .5 N propionic acid followed by drying at 100 C. The experimental design was a randomized complete block with three runs serving as blocks. Solubility determinations were made on duplicate samples within each block.
In vitro NHs-N accumulation was determined for the same SBM treatments used in the N solubility experiment. In vitro incubations were conducted at 39 C in 250-ml Erylenmeyer flasks. Each flask contained 80 mg of SBM N and 100 ml of a 1 : 1 mixture of strained ruminal fluid and McDougall's artificial saliva. Ruminal fluid was collected from a ruminal-cannulated steer fed first-cutting alfalfa hay. Two-m•liter samples were removed from each flask at 2, 5 and 8 h postqnoeulation to determine concentration of NHa-N (Chancy and Marback, 1962) . Flasks containing only the inoculum were incubated following the same procedure to serve as blanks. Accumulation of NH3-N at each time interval was calculated as the difference between NH3-N concentration in the flasks containing SBM and NH3-N concentration for the blanks. The experimental design was the same as for the N solubility experiment with three runs serving as blocks and duplicate determinations made for each sample within a run. StatistieaI analysis of the in vitro trials was by analysis of variance with treatment and block as factors in the model. Individual treatment means were compared using Duncan's New Multiple Range Test (Steel and Torrie, 1960) following a significant F-test (P<.05).
In Situ Trials. Four mature, ruminal-cannulated, Hereford steers (avg wt, 635 kg) were used in three completely randomized split-plot design trials to determine the effects of various acid and alkali treatments on in situ disappearance of SBM N. Soybean meal treatments were whole plots and times of incubation were subplots. The steers provided four replications in each trial. Steers were fed a 51% hay-49% concentrate diet once daily at 0830 (table 1). The diet contained 13.7% crude protein, 39.3% neutral detergent fiber and 21.4% acid detergent fiber. Eight days at the beginning of each trial were used as an adaptation phase. During this time, feed was offered at 10% above the previous day's ad libitum intake. On d 9 through 12, feed offered was reduced to 90% of ad cm, pore size 70 /am) containing .5-g samples of treated or non-treated SBM were attached to 250-g weights (nine bags/weight) and were placed in the rumen just.before feeding. Soybean meal treatments for in situ trial 1 were non-treated SBM and SBM sprayed with 2.5% acetic acid, 5% acetic acid, 2.5% propionic acid or 5% propionic acid. Soybean meal treatments for in situ trial 2 were non-treated SBM and SBM soaked in excess solutions of .5 N propionic acid, .5 N HCI or .5 N NaOH followed by air drying. Soybean meal treatments for in situ trial 3 were non-treated SBM, non-treated SBM heated at 100 C and SBM dried at 100 C following soaking in H20, .5 N propionic acid, .5 N HC1 or .5 N NaOH. In all three in situ trials, triplicate samples of each treated SBM and empty bags serving as blanks were removed after 4, 8, 12 and 24 h of incubation. After retrieval, bags were rinsed with cold tap water and dried at 55 C. Residual SBM N was determined by the Kjeldahl procedure (AOAC, 1980) . Rate of N disappearance was calculated as the slope of the natural logarilhm of the residual N from 4 to 12 h. Statistical analysis of the in situ trials was by analysis of variance. Individual treatment means were compared using Duncan's New Multiple Range Test (Steel and Torrie, 1960 ) following a significant F-test (P<.05).
Digestion Trial. Twelve Targhee wether lambs averaging 28 kg were used in a threeperiod trial to determine the effects of feeding supplemental acid-or alkali-treated SBM on nutrient digestion. The treatments were supplemental control SBM, SBM sprayed with 3% acetic or propionic acid, and SBM soaked in .5 N NaOH and air-dried. Diets are shown in table 2. Lambs were housed in individual digestion crates for the total collection of urine and feces. Lambs were fed 900 g of dry matter daily, divided in two equal feedings, and water was available continuously.
The experimental design was a randomized complete-block with periods being blocks. Each period was 18 d long with d 1 through 12 for adaptation to diet and d 13 through 18 for collection of feces, urine and orts. A 5% (by volume) aliquot of daily urinary excretion was composited for each lamb by period and refrigerated for later N analysis. Fifty milliliters apercentage of acid in treated soybean meal. All acids were sprayed on soybean meal as 50% solutions with water and treated soybean meal was air-drled.
bSoybean meal was soaked in .5 N NaOH, filtered and air-dried. eExpressed on a dry matter basis.
of 1 N HC1 were added to urine buckets daily to prevent N loss by volatilization. A 10% (by weight) sample of daily feces was composited for each lamb by period and frozen for future analysis.
Orts were collected and weighed daily during the collection period. Orts were dried in a 55 C forced-air draft oven for 24 h, and were then ground in a Wiley mill to pass a 1-mm screen and stored for future analysis. Samples of feed, orts, urine and feces were analyzed to determine actual composition of feed consumed and the digestibilities of feed fractions. Acid detergent fiber (ADF), neutral detergent fiber (NDF) and dry matter were determined by methods of Goering and Van Soest (1970) . Nitrogen content was determined by the Kjeldahl method (AOAC, 1980) . Statistical analysis was by analysis of variance; treatment means were separated according to Duncan's New Multiple Range Test (Steel and Torrie, 1960 ) following a significant F-test (P<.05).
Results and Discussion
In Vitro Trials. Effects of acid and alkali treatment of SBM on N solubility and in vitro NH3-N accumulation are presented in table 3. All treatments, with the exception of soaking in .5 N NaOH and drying at 100 C, reduced (P<.05) N solubility compared with the nontreated control. The most effective treatment procedures for reducing SBM N solubility compared with the control were spraying with 2.5% acetic acid or 5% propionic acid, soaking in .5 N HC1, .5 N NaOH or .5 N propionic acid followed by air drying and soaking in H2 O, ,5 N HC1 or .5 N propionic acid followed by drying at 100 C.
Soaking SBM in .5 N NaOH followed by air drying or drying at 100 C resulted in N solubilities of 4.9 and 22.5%, respectively. It is possible that heating in combination with the .5-N NaOH treatment resulted in partial hydrolysis of proteins or protein-carbohydrate complexes, thus increasing solubility. In vitro NHa-N accumulation would suggest that these more soluble proteins are also more susceptible to microbial fermentation (table 3) . It is difficult to explain the decreased N solubility of SBM sprayed with 2.5% acetic acid compared with SBM sprayed with 5% acetic acid (5.4 vs 10.6%, respectively). In vitro NH3-N accumulation data suggest that spraying SBM with 2.5% acetic acid did not reduce protein availability to microbial fermentation to the same extent as spraying SBM with 5% acetic acid (table 3) .
According to Lehninger (1976) , exposing proteins to extremes in pH or high temperatures even for short periods of time causes most proteins to undergo denaturation. This is caused by disruption of hydrogen bonding by thermal agitation, hydrogen ions or hydroxide ions and results in an alteration of the tertiary protein structure. A major effect of denaturation is decreased protein solubility in aqueous solutions (van der Aar et al., 1982) . Decreasing protein solubility by heat denaturation has been shown to decrease availability of protein to ruminal microbes (Thomas et al., 1979) .
Soaking and filtering SBM during the treatment process resulted in some loss of N. The percentage of SBM N removed in the filtrate was 5.1, 2.5, 5.9, and 6.2% for SBM soaked in H20, .5 N propionic acid, .5 N HC1 and .5 N NaOH, respectively. Obviously, removal of a soluble protein fraction during treatment will reduce the percentage of the residual protein that is soluble in McDougall's artificial saliva; however, N solubility determinations were 15 to 88% lower than would be expected assuming that all of the protein removed during treatment was soluble in McDougall's artificial sal,_',,a. Thus, soaking SBM with the solutions used did remove some soluble proteins, but this fraction did not account for all of the observed decrease in N solubility in McDougall's artificial saliva.
All treatments of SBM decreased in vitro NH3-N accumulation after 2, 5 and 8 h of incubation compared with the non-treated control (P<.05). With the exception of 2.5% acetic acid treatment, rate of NH 3-N accumulation was also lower for all treatments of SBM compared with the control SBM. The most effective treatments in reducing NH3-N accumulation rate were spraying with 5% acetic or propionic acid, soaking in .5 N HC1 or .5 N NaOH followed by air drying, and soaking in H20, .5 N HC1, .5 N NaOH or .5 N propionic acid followed by drying at 100 C. These treatments resulted in levels of NH3-N accumulation that compare quite closely with those reported by Spears et al. (1980) for .6 and .9% formaldehyde-treated SBM.
In general, in vitro NHa-N accumulation results closely paralleled those of N solubility, with the exception of spraying with 2.5% acetic acid as discussed previously.
In Situ Trial 1. Effects of acetic or propionic Goering et al. (1972) developed the ADIN assay to measure digestibility of proteins in heat-damaged forages 9 The quantity of proteins that are substantially denatured or involved in the Maillard reaction can be measured by this assay. The APIN assay measures the amount of protein that can not be hydrolyzed by pepsin. This protein should not be very available to the animal. Because the treatments applied to the SBM in our study could potentially cause a reduction in availability of SBM protein, ADIN and APIN assays were performed to estimate the amount of unavailable protein.
Effects of acetic and propionic acid treatment of SBM on ADIN and APIN values are shown in table 4. No effects due to treatment existed for either measurement. Vincini et al. (1983) reported that treating SBM with 8% acetic acid, while decreasing protein solubility in vitro, did not affect ADIN. This would indicate that although treatment with acetic or propionic acid presumably changes protein structure, resulting in decreased solubility, it does not alter the structure so drastically that more of the protein is insoluble in the acid detergent solution. In our trial, there was a nonsignificant trend for SBM sprayed with 5% acetic or propionic acid to have higher ADIN and APIN values.
In Situ Trial 2. Effect of soaking SBM in .5 N propionic acid, .5 N HC1, or .5 N NaOH on in situ residual N is shown in table 5. Soaking SBM in either .5 N HCI or .5 N NaOH resulted in greater (P<.05) residual N at 4, 8, 12 and 24 h and slower (P<.05) rates of N disappearance between 4 and 12 h than control SBM and SBM soaked in .5 N propionic acid. These data substantiate the NH3-N accumulation data, suggesting that treatment of soybean meal with .5 N HCA or .5 N NaOH will reduce degradability of SBM protein, while soaking in .5 N propionic acid has little benefit compared with control SBM.
Effects of treatment on ADIN and APIN are shown in table 5. Soaking SBM in .5 N NaOH apercent acid in treated soybean meal. All acids were sprayed on soybean meal as 50% solutions with water and treated soybean meal was air-dried. bstandard error of the mean. JAcid pepsin insoluble N. resulted in decreased ADIN (P<.05) compared with other SBM treatments and the control SBM. This could be the result of partial solubilization of structural carbohydrates by NaOH (Klopfenstein, 1978) , which would tend to decrease the amount of N bound in fiber complexes. No differences (P>.05)in ADIN existed between non-treated SBM and SBM soaked in .5 N propionic acid or .5 N HC1. Soybean meal soaked in .5 N HC1 or .5 N NaOH had greater (P<.05) APIN values than nontreated SBM. This indicates that although these treatments did not alter protein structure enough to affect solubilization in acid detergent solution, they did reduce protein susceptibility to acid-pepsin digestion.
In Situ Trial 3. Effects of soaking SBM in H20, .5 N propionic acid, .5 N HC1 or .5 N NaOH and drying at 100 C on in situ residual N are shown in table 6. Non-treated SBM that was heated at 100 C had greater (P<.05) residual N at 4, 8, 12 and 24 h than non-heated, nontreated SBM. This agrees with the results of Plegge et al. (1982) , who found that roasting SBM at 128 C or above, increased (P<.05) in situ residual N. Soybean meal dried at 100 C following soaking in H20, .5 N propionic acid or .5 N HC1 had greater (P<.05) residual N values at 4, 8, 12 and 24 h and slower (P<.05) rates of N disappearance than non-treated SBM or non-treated SBM heated at 100 C. Soybean meal soaked in .5 N NaOH and dried at 100 C had greater (P<.05) residual N than non-treated SBM at 12 and 24 h of incubation.
Effects of soaking SBM in various solutions and drying at 100 C on ADIN and APIN are shown in table 6. Again, SBM treated with .5 N NaOH had lower (P<.05) ADIN values than non-treated SBM. Soybean meal treated with .5 N propionic acid had a greater (P<.05) ADIN value than non-treated SBM. This indicates that soaking SBM in .5 N propionic and drying at 100 C results in some heat-damaged protein. However, the APIN value for propionic acidtreated SBM was not significantly different from that of non-treated SBM. Soybean meal soaked in H 20 or .5 N NaOH had APIN values that were greater (P<.05) than non-treated SBM but lower than SBM soaked in .5 N HCI. Soybean meal soaked in .5 N HC1 had a dramatic increase (P<.05) in APIN over the non-treated SBM. This high APIN value suggests that this treatment over-protected the SBM protein, and that this protein would likely be less available to the animal.
Digestion Trial. The effects of SBM treatment with 5% acetic or propionic acid, or soaking in .5 N NaOH on lamb nutrient digestion and metabolism are presented in table 7. These three treatments were selected based upon their apercentage of acid in treated soybean meal. All acids were sprayed on soybean meal as 50% solutions with water and treated soybean meal was air-dried.
bSoybean meal was soaked in .5 N NaOH, filtered and air-dried.
CStandard error of the mean.
d'eMeans in each row without a common letter in their superscripts differ (P<.OS).
N metabolism of soaking SBM in H20 and drying at 100 C. Although there was a trend for increased N digestion for the SBM soaked in .5 N NaOH, no difference in N digestion occurred due to treatment, suggesting that the SBM treatments did not greatly inhibit availability of SBM protein. Forty-six percent of the total dietary N was contributed by the SBM being investigated. Urinary N tended to be lower for lambs fed SBM treated with 5% acetic acid or .5 N NaOH than for those fed control or 5% propionie acid-treated SBM. However, these differences were not significant. Nitrogen retained (g/d) and N retained as a percentage of N intake were approximately 36% greater (P<.05) for lambs fed .5 N NaOH-treated SBM vs those fed control SBM (P<.05). This response was due to a trend for increased N digestibility and decreased urinary N excretion. There were no differences in N retention of lambs fed 5% propionic acid-treated SBM compared with those fed control SBM, Treatment of SBM with 5% acetic acid resulted in a 15% improvement in N retention compared with control SBM; however, this difference was not significant. Treatment of SBM with 5% propionic add improved its resistance to microbial degradation in vitro and in situ, although not to as great an extent as treatment with 5% acetic acid or .5 N NaOH. It is unclear why no improvements in N metabolism were observed with this treatment. Soybean meal treatment did not affect dry matter digestion; however, .5 N NaOH treatment resulted in increased (P<.05) NDF digestion and a nonsignificant trend for increased ADF digestion. This may have been due to increased availability of SBM fiber as a result of NaOH treatment. The beneficial effects of NaOH on fiber availability are well documented (Klopfenstein, 1978) .
The results of these trials suggest that acid and alkali can reduce ruminal degradability of SBM protein without adversely affecting total gastrointestinal tract digestibility. Improved N retention was achieved by feeding SBM soaked in .5 N NaOH.
